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Cell polarityPrevious study demonstrated that WASP localizes on vesicles during Dictyostelium chemotaxis and these
vesicles appear to be preferentially distributed at the leading and trailing edge of migrating cells. In this
study, we have examined the role of PCH family proteins, Nwk/Bzz1p-like protein (NLP) and Syndapin-like
protein (SLP), in the regulation of the formation and trafﬁcking of WASP-vesicles during chemotaxis. NLP and
SLP appear to be functionally redundant and deletion of both nlp and slp genes causes the loss of polarized F-
actin organization and signiﬁcant defects in chemotaxis. WASP and NLP are colocalized on vesicles and
interactions between twomolecules via the SH3 domain of NLP/SLP and the proline-rich repeats of WASP are
required for vesicle formation from Golgi. Microtubules are required for polarized trafﬁcking of these vesicles
as vesicles showing high directed mobility are absent in cells treated with nocodazole. Our results suggest
that interaction of WASP with NLP/SLP is required for the formation and trafﬁcking of vesicles from Golgi to
the membrane, which might play a central role in the establishment of cell polarity during chemotaxis.© 2009 Elsevier B.V. All rights reserved.1. Introduction
Chemotaxis, directed movement toward a chemoattractant agent, is
a fundamental process of many cell types and is involved in diverse
biological responses, including: migration of leukocytes and macro-
phages to inﬂammation sites, metastasis of tumor cells, and aggregation
leading to the formation of the multicellular organism in Dictyostelium
[1–4]. During these processes, the actin cytoskeleton is dynamically
changed, a process that involves F-actin polymerization and depoly-
merization and the reorganization of existing ﬁlament networks. The
ﬁrst step of chemotactic movement is a chemoattractant-mediated
increase in F-actin polymerization at the leading edge of the cell, which
provides the motive force for pseudopod extension and cell movement.
The Wiskott–Aldrich Syndrome protein (WASP) and related proteins
(N-WASP and SCAR/WAVE) have emerged as key downstream
components converging on multiple signaling pathways to F-actin
polymerization. The proline-rich segment of WASP interacts with a
number of proteins containing SH3 domains, many of which are
involved in the regulation of cytoskeletal structure [5,6]. One of the SH3
proteins known to interact with WASP is Cdc42-interacting Protein 4
(CIP4), one of the pombe Cdc15 homology (PCH) family proteins.lding (MRB I), 1215 21st Ave.
615 322 4956; fax: +1615 343
hung).
n Immunology, Department of
ll rights reserved.The PCH family proteins are characterized by the presence of an
evolutionarily conserved FER-CIP4 homology (FCH) domain and
coiled-coil (CC) region, and they induce tubular membrane invagina-
tion in vivo and deform liposomes into tubules in vitro [7–9]. They are
also known as F-BAR-domain-containing proteins (F-BAR proteins)
since the FCH and coiled-coil domains are structurally similar to Bin/
amphiphysin/RVS (BAR) domains [10,11]. These twodomains together
were also called as the extended FC (EFC) domain [12]. Some PCH
family members contain homology region 1 (HR1) domain, which
interact with the Rho GTPases Cdc42, TC10, and Rnd2 [13]. Most PCH
proteins have one ormore Src homology 3 (SH3) domains at the COOH
terminus, binding to various target molecules, including dynamins, N-
WASP, and formin [8,9,12,14,15]. Different members of the PCH family
appear to regulate various aspects of actin organization. CIP4 binds to
activated Cdc42 and, when overexpressed, decreases the number of
stressﬁbers inﬁbroblasts [7]. Overexpression of rat synaptic, dynamin-
associated protein I (Syndapin I) or Syndapin II, caused reorganization
of cortical F-actin and formation of ﬁlopodia in HeLa cells [16]. PSTPIP2
is an actin bundling protein that stimulates formation of ﬁlopodia,
inhibits rufﬂing and increases the motility of macrophages [17].
In a previous study, we demonstrated that actin cytoskeleton is
highly polarized in chemotaxing Dictyostelium cells and that WASP, a
major regulator of F-actin assembly, localizes on vesicles, and these
vesicles appear to be preferentially distributed at the leading edge and
uropod of chemotaxing cells [18]. In this study, we have examined the
role of two PCH family proteins, NLP and SLP, in the regulation of the
formation and trafﬁcking of vesicles that are associatedwithWASP. NLP
and SLP appear to be functionally redundant and the deletion of both
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defects in chemotaxis. WASP and NLP/SLP are colocalized on vesicles,
and interactions between SH3 domains of NLP/SLP and the proline-rich
region of WASP are required for the formation and trafﬁcking of these
vesicles. Our results demonstrate that NLP/SLP play an essential role in
controlling the formation and trafﬁcking of WASP-associated vesicles.
2. Materials and methods
2.1. Molecular biology
The full coding sequence of the nlp and slp cDNAs was generated
by PCR using a series of primers based on a sequence in The Dictyos-
telium Genome Project database (http://www.dictybase.org). PCR
products were subcloned into the EcoRI–XhoI site of pSP72 and
sequenced. An nlp knockout construct was made by inserting the
blasticidin resistance cassette into a BglII site. An slp knockout
construct was made by inserting hygromycin resistance cassette into
a BamHI site created at nucleotide 465 of the slp cDNA. These
constructs were used for a gene replacement in the KAx-3 parental
strain. Randomly selected clones were screened for a gene disruption
by PCR, which was then conﬁrmed by Southern blot analysis and RT-
PCR. To YFP- or GST-fusion protein expression, nlp and slp cDNAs were
subcloned into EXP-4(+) or pGEX plasmids, respectively.
2.2. Immunostaining and F-actin staining
Immunostaining was performed as described in the previous study
[19]. For colocalization studies, a series of images with varying vertical
focus (typically 10 images with 0.2 μm distance) was taken and
reconstituted with deconvolution using Metamorph software and
analyzed with colocalization measurement application of the Meta-
morph. Both source images were thresholded prior to performing the
colocalization measurement and the area of overlap between the two
probes was measured as the percentage of whole image.
For phalloidin staining, cells were starved in 12 mM sodium
phosphate buffer (pH 6.2) for more than 5 h and ﬁxed with 3.7%
formaldehyde for 5 min. Cells were permeabilized with 0.5% Triton X-
100, washed, and incubated with FITC or TRITC-labeled phalloidin
(Sigma) in PBS containing 0.5% BSA and 0.05% Tween-20 for 1 h. Cells
were washed in PBS containing 0.5% Tween-20. Images were captured
with Roper Coolsnap camera and Metamorph software.
For labeling barbed ends, aggregation-competent cells were
permeabilized with 100 mM PIPES pH 6.9, 1% Triton X-100, 4% PEG,
1 mM EGTA, 1 mM MgCl2, 3 μM phalloidin for 3 min and 0.4 μM
Rhodamine-labeled actin in 1 μM ATP solutionwas added. After 5 min
staining, cells were washed 3 times with PIPES buffer and ﬁxed with
3.7% paraformaldehyde.
2.3. Chemotaxis assay
Cells competent to chemotax toward cAMP (aggregation-competent
cells) were obtained by pulsing cells in suspension for 5 h with 30 nM
cAMP and plated on glass-bottomed microwell dishes. A micropipette
ﬁlled with 100 μM cAMP was positioned to stimulate cells by using a
micromanipulator and DIC images of migrating cells were taken in 6 s
intervals for 15 min and analyzed with Metamorph software (Universal
Imaging Corp., Downingtown, PA). Chemotaxis index is deﬁned as
CI (t)=cos(θ (t)), where θ=the frame by frame angle of turn for
each cell in our sample and the index presented in the paper is the
average value of indices over the experiment.
2.4. In vivo actin polymerization assay
F-actin was quantiﬁed from TRITC phalloidin staining of Dictyos-
telium cells as described in the previous study [20]. Cells were pulsedwith 30 nM cAMP at 6 min intervals for 5 h. Cells were diluted to
1×107 cells/ml and shaken at 200 rpmwith 2 mM caffeine for 20 min
to synchronize the signaling of the cells. Cells were spun and
resuspended with phosphate buffer (10 mM PO4 buffer, pH 6.1, and
2 mM MgSO4) at 5×107 cells/ml and stimulated with 100 μM cAMP.
500 μl of cells were taken at 5,10, 20, 30, 50, and 80 second time points
and mixed with actin buffer (20 mM KH2PO4, 10 mM PIPES, pH 6.8,
5 mM EGTA, 2 mM MgCl2) containing 6% formaldehyde, 0.15% Triton
X-100, 1 μM TRITC phalloidin. Cells were ﬁxed and stained for 1 h and
spun down at 14,000 rpm for 5 min in the microfuge. Pelleted cells
were extracted with 1 ml of 100% methanol and ﬂuorescence was
measured (540 ex/575 em). To determine nonsaturable binding,
100 μM unlabeled phalloidin was included.
2.5. Vesicle formation reconstitution assay
Vesicle budding assay was done as described in previous studies
[24,25].
2.5.1. Preparation of cytosol
Dictyostelium cells were pulsed with 50 nM cAMP at 6-min
intervals for 5 h. Cells were then pelleted at 800 g for 5 min, and
washed once in homogenization buffer containing 125 mM KCl,
25 mM Hepes, pH 7.4. The cells were resuspended in homogenization
buffer followed by homogenization using a stainless steel ball bearing
homogenizer. The homogenate was centrifuged for 30 min at
214,000 g to get the cytosol fraction.
2.5.2. Preparation of permeabilized Dictyostelium cells
Approximately 2×107 cells were plated on 100 mm Petri-dish.
Cells were washed 3 times with ice-cold swelling buffer containing
10 mMHepes, pH 7.2 and 15 mM KCl. After a 10 min incubation on ice,
the swelling buffer was aspirated and replaced with 1 ml breaking
buffer (10 mM Hepes, 90 mM KCl) after which the cells were broken
by scraping with a rubber policeman and 1 stroke of homogenization.
The cells were centrifuged at 800 g for 5 min, washed in 1 ml of
breaking buffer, and resuspended in 400 ml of breaking buffer.
2.5.3. Reconstitution assay
Reconstitution assays for vesicle budding were done in a ﬁnal
volume of 600 ml containing: 240 ml permeabilized cells, 240 ml
cytosolic extract (360 mg protein), 2.5 mM MgCl2, 0.5 mM CaCl2,
110 mM KCl, 1 mM ATP, 0.02 mM GTP, 10 mM creatine phosphate,
80 mg/ml creatine phosphate kinase, and protease inhibitors.
Incubations were at RT for 1 h and then centrifuged at 800 g for
5 min. After centrifugation, supernatant was removed and centrifuged
for 30min at 214,000 g. Supernatant and pellet were collected and run
on SDS-PAGE gel to determine the amount of comitin byWestern blot.
3. Results
3.1. WASP is associated with vesicles derived from Golgi
Our previous study demonstrated that GFP-WASP is associated
with vesicles enriched with PI(4,5)P2 and the basic (B) domain plays
a major role for the interaction with PI(4,5)P2 [18], compared to
uniform distribution of GFP (Fig. 1A). This vesicular localization of
GFP-WASP can be recapitulated with YFP-tagged basic (B) and
GTPase-binding (GBD) domains of WASP (YFP-B-GBD). To identify
the origin of the these WASP-vesicles, we ﬁrst examined the
possibility of WASP- or YFP-B-GBD-associated vesicles being endo-
somes by staining cells with FM 4–64, a membrane-impermient
lipophilic dye that ﬂuoresces only when associated with membranes,
and the internalization of the dye was monitored by ﬂuorescence
microscopy after washing out the dye. Plasma membranes become
fully stained within seconds, and ﬂuorescence then gradually
Fig.1. (A) Localization of GFP-WASP or YFP-B-GBD expressed in Dictyostelium cells migrating toward a cAMP gradient. Cells were pulsed for 5 h and localizations of GFP-WASP or YFP-
B-GBD in aggregation-competent KAx3 cells, or YFP-B-GBD in WASPTK cells were examined. Bar=5 μm. (B) KAx3 cells were stained with FM 4–64, a marker for internalized
endosomal compartments, for 2 min and washed. After 10 min delay, cells were imaged to determine the colocalization. (C) KAx3 cells expressing YFP-B-GBD were stained with an
antibody against comitin (a marker for Golgi and Golgi-derived vesicles). In bottom panels, ﬂuorescence images of living cells co-expressing GFP-HDEL (an ER-speciﬁc retrieval signal
in Dictyostelium) or golvesin-c-GFP (a marker for Golgi but not for Golgi-derived vesicles) and CFP-B-GBD are shown. Bar=5 μm.
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puncta. We found that ﬂuorescence from FM 4–64 labeled
endocytic vesicles does not colocalize with YFP-B-GBD-bound
vesicles, indicating that YFP-B-GBD-bound vesicles are not derived
from the endocytic process (Fig. 1B). To further examine the origin
of the YFP-B-GBD-bound vesicles, the localization of these vesicles
was compared to immunostaining of comitin (a marker for Golgi
and Golgi-derived vesicles [21]), GFP-HDEL (an ER-speciﬁc retrieval
signal in Dictyostelium [22]), and golvesin-c-GFP (a marker for
Golgi but not for Golgi-derived vesicles [23]). The lack of strong
colocalization of YFP-B-GBD with GFP-HDEL and golvesin-c-GFP,
but the robust colocalization with comitin suggests that the
vesicles containing WASP are likely to be derived from the Golgi
(Fig. 1C).3.2. Polyproline repeats of WASP are required for vesicle formation
Number of vesicles associated with YFP-B-GBD was remarkably
reduced in cells expressing very low level of WASP (WASPTK). WASP
expression in WASPTK cells is regulated transcriptionally by a
tetracycline (Tet)-regulated promoter/transcription activator combi-
nation (Tet-Off TA; tTA). Thus, the level of WASP transcript is very low
in the absence of the Tet-off TA transcription activator [18]. This result
indicates that WASP, and presumably F-actin polymerization, is
required for the formation of these vesicles (Fig. 1A). Interestingly,
YFP-B-GBD localized to the perinuclear area of WASPTK cells,
suggesting that it localizes to the organelle such as Golgi or ER. To
determine the role of the speciﬁc region of WASP for vesicle
formation, we examined the localization of GFP-WASP lacking the
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WASPTK cells (Fig. 2A). GFP-WASPΔWH1 appeared to be localized to
vesicles, indicating that WH1 and B domains are not required for
vesicle formation. However, these cells lack polarity and these vesicles
did not show biased distribution to the leading edge and uropod. In
contrast, few vesicles labeled with GFP-WASPΔPro were found and
GFP-WASPΔPro localized to perinuclear area, suggesting that the
polyproline region of WASP is required for the vesicle formation.
These cells are not polarized and cannot extend pseudopodia
effectively as shown in phase contrast pictures shown in Fig. 2A. The
polyproline region of mammalian WASP binds a number of SH3
domain-containing proteins [24] and mutations within this domain of
human WASP result in a severe WAS phenotype, indicating that the
polyproline region plays an important role in the regulation of WASP
function. We reasoned that the polyproline region is important for the
formation of WASP-vesicles presumably via interaction with another
protein containing a SH3 domain.
3.3. Interaction of NLP/SLP with the polyproline region of WASP
To identify proteins interacting with the polyproline region of
WASP, we took advantage of the availability of the complete Dictyos-
telium genome to identify genes encoding proteins containing SH3
domain(s). Bioinformatic analysis of the Dictyostelium genome
revealed that it contains 15 open-reading frames (ORFs) encoding
SH3 domain-containing proteins. Two ORFs among these genesFig. 2. (A) Top panels show localization of GFP-WASP, GFP-WASPΔPro and GFP-WASPΔWH1
these cells at lower magniﬁcation (bar=50 μm). (B) Schematic diagram of NLP/SLP domain
homology 3. (C) GST pull-down assay showing the interaction betweenWASP and NLP/SLP. G
lysate of GFP-WASP expressing cells. Bound GFP-WASP was detected by immunoblot with th
between puriﬁed 6X His-tagged NLP and GST-WASP was also conﬁrmed by pull-down assay
YFP-NLP or -SLP are shown. CFP-WASP showed punctate vesicle labeling which appears to ov
of migrating cells. (F) Change of subcellular localization of NLP/SLP upon polarization of cel
polarized cells at aggregation-competent stage. NLP/SLP are localized at the perinuclear regencode proteins similar to mammalian PCH proteins, Nwk/Bzz1p,
Syndapin, and Cdc42-interacting protein 4 (CIP4) (Fig. 2B). CIP4 was
originally identiﬁed as a protein interacting with activated Cdc42 and
WASP by a two-hybrid screen [7], and it has been shown that the
WASP–CIP4 interaction is mediated by the binding of the SH3 domain
of CIP4 to the proline-rich segment of WASP. We reasoned that these
two PCH family proteins are good candidates for the proteins
interacting with the polyproline region of WASP. Based on taxonomic
analysis and a previous study describing these two genes [25], we
named these genes Nwk/Bzz1p-like-protein (nlp; gene id:
DDB0168480) and Syndapin-like protein (slp; gene id: DDB0203245).
As shown in Fig. 2B, both NLP and SLP have an NH2-terminal FCH
domain and coiled-coil region, or F-BAR domain together. The central
region of the protein (homology region 1; HR1) was shown to interact
with Cdc42 [7]. Two SH3 domains for NLP and one for SLP are found in
the COOH terminus. To examine interactions between NLP/SLP and
WASP, we performed a pull-down assay. Recombinant NLP was
expressed and puriﬁed as a GST-fusion protein and this was used to
pull-down GFP-WASP from Dictyostelium cell lysates (Fig. 2C). The
interaction betweenWASP andNLP/SLP presumably occurs through the
SH3domain of NLP/SLP as the SH3domain of SLP is sufﬁcient for pulling
downWASP from cell lysates. The direct interaction betweenGST-WASP
and His-NLP was conﬁrmed with the pull-down assay (Fig. 2D). The
interaction between NLP/SLP and WASP was consistent with the
colocalization of the two proteins in chemotaxing cells. In polarized
cells, WASP and NLP colocalize on vesicles as seen when CFP labeledexpressed in WASPTK cells (bar=5 μm). Bottom panels show phase contrast pictures of
structure. FCH: FER/CIP4-homology; CC: coiled-coil; HR1: homology region 1; SH3: Src
ST-NLP- or GST-SH3 (SH3 domain of SLP)-bound agarose beads were incubatedwith the
e anti-GFP antibody. IB: immunoblot; C: Coomassie Blue staining. (D) Direct interaction
. (E) Fluorescence images of aggregation-competent cells co-expressing CFP-WASP and
erlap with YFP-NLP or -SLP signals and these vesicles were enriched at the leading edge
ls. Images of YFP-NLP, YFP-SLP, or YFP-B-GBD were taken in cells at growth stage and in
ion in non-polarized cells at growth stage, but with vesicles in polarized cells.
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the idea that they interact and colocalize to the same vesicular compart-
ments. Colocalization analysis revealed that more than 80% of
ﬂuorescence intensity of CFP-WASP overlaps with YFP-NLP and YFP-
SLP. Examination of YFP-B-GBD, YFP-NLP, and YFP-SLP revealed that
their localization changes dramatically between vegetative growth and
the onset of multicelluar development after starvation. In vegetative
Dictyostelium cells lacking the polarity and rapid motility, the localiza-
tion of YFP-B-GBD, YFP-NLP is perinuclear while YFP-SLP showed
tubular networks at the periphery of cells in addition to the perinuclear
localization. Both NLP and SLP localize to vesicles that showed biased
distribution at the leading edge and uropod in developmentally
committed and polarized cells (Fig. 2F), suggesting that WASP-vesicle
formation might be necessary and regulated during the onset of devel-
opment. To examine the role of NLP and SLP, cells lacking nlp or slpwere
created by homologous recombination using hygromycin- and blastci-
din-resistance genes, whichwas conﬁrmed by Southern blot and reverse
transcription-PCR (not shown). These cells did not show signiﬁcant
defects in chemotaxis or development, suggesting the functional redun-
dancyofNLPand SLP.We then created annlp/slpdouble nullmutant that
manifests a series of defects in chemotaxis and F-actin regulation.Fig. 3. (A) Membrane endocytosis by aggregation-competent cells determined using FM 1–43
by ﬁxation for image collection. Cells were ﬁxed after 2 min incubation with FM 1–43 followe
cells was measured and shown in the graph. Error bars represent SEM (n=10). (B) Colocaliz
golvesin-c-GFP overlaps with CFP-B-GBD in nlp/slp− cells, but not in KAx3 cells. At least 15 c
Methods section. The percent colocalization calculated among areas is shown for the pe
respectively.3.4. WASP and NLP/SLP are required for vesicle formation at Golgi
Recent studies have shown that FBP17, a PCH family protein, binds
to dynamin-2 and to N-WASP [26], both of which play important roles
in forming endocytic vesicles [27,28]. The possibility that endocytosis
might be impaired in nlp/slp cells was examined by staining cells with
FM 1–43X and the internalization of the dye was monitored by
ﬂuorescence microscopy after washing out the dye. To provide a
quantitative assessment of endocytosis, we measured ﬂuorescence
intensities of cells in images collected with epiﬂuorescence micro-
scopy after 2 min incubationwith FM 1–43 followed by a 10 min delay
to allow for endocytosis. As illustrated in Fig. 3A, nlp/slp− cells are
active in endocytosis, as evidenced by the accumulation of ﬂuorescent
vesicles in the cell cytoplasm, and no signiﬁcant differences in
endocytosis were apparent when compared with wild type (KAx3)
cells. Moreover, we subsequently observed FM 1–43 ﬂuorescent
labeling in the ER surrounding the nucleus in both wild type and nlp/
slp− cells, presumably by retrograde membrane trafﬁc through the
endosome and Golgi. These observations strongly suggest that the
formation of endocytic vesicles is generally unaffected in nlp/slp−
cells and that cells are still capable of other membrane fusion events.X. Ax3 or nlp/slp− cells were incubated with FM 1–43X for 2 min and washed, followed
d by a 10 min delay to allow for endocytosis. Fluorescence intensity of FM 1–43X dye in
ation of CFP-B-GBD with GFP-HDEL and golvesin-c-GFP in nlp/slp− cells. GFP-HDEL and
ells from two independent experiments were analyzed for colocalization as described in
rcentage of YFP-B-GBD that colocalized with comitin, GFP-HDEL, or golvesin-c-GFP
Fig. 4. Vesicle formation reconstitution assay. The role of NLP/SLP for vesicle formation
fromGolgi was examined using an assay that reconstitutes the formation of vesicles in a
cell-free system. (A) Immunoblot of comitin on secretory vesicles formed in
permeabilized cells reconstituted with the cytosol fraction prepared from the cell
lysate. nlp/slp− and WASPTK cells showed signiﬁcantly reduced formation of vesicles,
which can be rescued by GST-NLP, but not with NLP lacking FCH domain. Graph shows
quantiﬁcation of band intensities from four separate immunoblots. (B) Vesicle
formation was measured in different combinations of the cytosols and permeabilized
cells of wild type, nlp/slp−, or WASPTK cells.
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revealed that the localization of YFP-B-GBD on vesicles was lost and
most of YFP-B-GBD localized to tubular structures in nlp/slp− cells.
Localization of YFP-B-GBD in the perinuclear area was also signiﬁ-
cantly increased in these cells. Immunostainings revealed that the
colocalization of GFP-HDEL and GFP-c-golvesin with YFP-B-GBD was
signiﬁcantly increased in nlp/slp− cells, suggesting that YFP-B-GBD or
YFP-WASP might be entrapped in ER-Golgi area due to the inability of
nlp/slp− cells to form WASP-associated vesicles (Fig. 3B). These re-
sults suggest that YFP-B-GBD vesicles are likely to be vesicles derived
from Golgi, consistent with the possible role of WASP and PCH protein
in vesicle formation. Lack of either WASP or NLP/SLP might cause the
defect in vesicle formation, leading to the entrapment of YFP-B-GBD or
YFP-NLP (not shown) to the ER-Golgi at the perinuclear area.
To study the role of NLP/SLP and WASP for vesicle formation from
Golgi, we employed an assay that reconstitutes the formation of these
vesicles in a cell-free system using a combination of cytosol fraction
prepared from cell lysate and permeabilized cells [29,30]. Vesicle
formation in this cell-free assay has been reported to beATP-, GTP-, and
cytosol-dependent [31]. 1 μM GTPγS abolished vesicle formation after
30min of preincubation (Fig. 4A), suggesting the role of small GTPases
in this process. Vesicle formation was markedly reduced in the
reconstitution of the cytosol and permeabilized cells from nlp/slp−
cells. The reconstitution of cytosol and permeabilized WASPTK cells
also showed signiﬁcant reduction of vesicle formation. These results
suggest that WASP and NLP/SLP are required for vesicle formation
fromtheGolgi. Defect of vesicle formation in these cellswas rescuedup
to the level ofwild type cells byaddingGST-NLP in the cytosol, but GST-
NLP lacking the FCH domain (NLPΔFCH) failed to rescue, indicating
that the FCHdomain is required for vesicle formation. To test the role of
cytosolic proteins in vesicle formation, cytosol fractions of nlp/slp− or
WASPTK cells were added back to permeabilized wild type cells to test
vesicle formation activity (Fig. 4B). Vesicle formation with cytosols
from nlp/slp− or WASPTK cells was not as active as with cytosol from
wild type cells. Reciprocal addition of wild type cytosol to permeabi-
lized WASPTK cells resulted in a signiﬁcant improvement of vesicle
formation over WASPTK cells, but was still not comparable to the level
of wild type cells. These results indicate that both cytosolic proteins
and permeabilized cells are necessary for efﬁcient vesicle formation
from Golgi.
3.5. Aberrant F-actin organization and chemotaxis of nlp/slp− cells
To examine any defect in F-actin organization in nlp/slp− cells, we
stained for actin ﬁlaments of aggregation-competentWTand nlp/slp−
cells using rhodamine–phalloidin staining. The actin cytoskeleton
controls the overall structure of cells and is highly polarized in
chemotaxing cells, with F-actin localized predominantly in the
anterior leading edge and to a lesser degree in the cell's posterior
[32–34]. Wild type cells are well polarized and show localized F-actin
assembly at the lamellipodia of the leading edge and, to a lesser
degree, at the posterior cortical region of the retracting cell body
(uropod) (Fig. 5A). nlp/slp− cells exhibited severe defects in F-actin
organization as they exhibit neither a prominent F-actin-enriched
lamellipod nor cell polarity. Cortical F-actin level appears to be
uniformly low along the cell pheriphery, indicating the lack of
polarized F-actin at the cortex. Expression of NLP or SLP rescues this
defect and restores polarized F-actin organization. Interestingly, the F-
actin organizationwas fully rescued by NLP expression, but not by SLP
as these cells showed rather uniform F-actin polymerization along the
cortical membrane and more ﬁlopodia. nlp/slp− cells were tested for
in vivo actin polymerization responses to cAMP stimulation. Wild type
cells show a rapid and transient increase of F-actin assembly (∼70–
90% increase) by 5 s after cAMP stimulation (Fig. 5B), as previously
described [20,35]. nlp/slp− cells showed a moderately lower level of
F-actin assembly (60% of wild type cells) in unstimulated cells, whichis consistent with lower cortical F-actin levels shown by phalloidin
staining in Fig. 5A. nlp/slp− cells also exhibited a signiﬁcantly reduced
level of F-actin assembly upon cAMP stimulation. More importantly,
as shown in Fig. 5, nlp/slp− cells show a greatly decreased number of
free barbed ends at the membrane cortex upon cAMP stimulation
relative to wild type cells. In aggregation-competent wild type cells,
the distribution of free barbed ends was polarized and, upon uniform
cAMP stimulation, the number of barbed ends, stained with
ﬂuorescently labeled G-actin, increases about 100% (Fig. 5C). In nlp/
slp− cells, the number of free barbed ends appears to be greatly
reduced and did not show any signiﬁcant increase upon cAMP
stimulation. In our previous study, WASPTK cells showed similar
reduction of free barbed ends upon cAMP stimulation [18]. Combined
with the inability of nlp/slp− cells to form WASP-vesicles from Golgi,
this result suggests that lack of NLP/SLP might cause the lack of WASP
at the membrane cortex leading to the lack of the formation of free
barbed ends and F-actin polymerization upon cAMP stimulation.
To test whether the changes in the actin cytoskeleton described
above alter chemoattractant-induced cell migration, we employed a
micropipette chemotaxis assay combined with time-lapse video
Fig. 5. F-actin organization and chemotaxis of nlp/slp− cells. (A) Aggregation-competent cells were ﬁxed and stained with phalloidin. nlp/slp− cells exhibited severe defects in F-
actin organization as they exhibit neither a prominent F-actin-enriched lamellipod nor cell polarity. This defect can be rescued by the expression of NLP or SLP. (B) In vivo actin
polymerization assay measuring F-actin assembled in response to the chemoattractant (cAMP) stimulation. Basal F-actin level before cAMP stimulation is lower in nlp/slp− cells and
F-actin polymerization upon cAMP stimulation is also defective in nlp/slp− cells. Error bars represent SEM (n=4). (C) Barbed-end staining of KAx3 or nlp/slp− cells. Barbed ends
were stained with Alexa595-labeled G-actin before and 5 s after cAMP stimulation. nlp/slp− cells show a greatly decreased number of free barbed ends at the cortical membrane
upon cAMP stimulation relative to wild type cells. A linescan analysis was performed to measure the pixel intensity at cortical membrane after background subtraction. Average
ﬂuorescence intensities measured at the cortical membrane (4 linescans per cell and 10–12 cells total) before and after cAMP stimulation are presented in the graph. Error bars
represent SEM (n=8).
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quickly and linearly toward the cAMP source, extend pseudopodia
predominantly in the direction of the cAMPgradient, and produce very
few random lateral or rear pseudopodia. The polarization and
chemotaxis of nlp/slp− cells are signiﬁcantly impaired compared to
wild type cells. They are ﬂattened and round as they are unable to
establish polarity (Fig. 6A). Even though nlp/slp− cells are bigger and
ﬂatter than wild type cells, it is rare to ﬁnd multi-nucleated cells (not
shown), indicating that cytokinesis is not impaired. In the presence of a
chemoattractant, nlp/slp− cells appear to have difﬁculties developing
a pseudopod in the direction of the chemoattractant gradient. Also, the
cell body does not polarize, resulting in very slow movement with a
higher angular deviation due to lack of persistent movement toward
the gradient. Thus, theymove at a speed of 2–3 μm/min, a fourth as fast
as wild type cells (8–10 μm/min) and chemotaxis indices of nlp/slp−
cells are signiﬁcantly lower than those of wild type cells. Chemotaxis
defects of nlp/slp− cells appear not to be resulted from a gross defect of
gene expression since cAMP receptor 1 (cAR1) expression was not
grossly affected (data not shown). The expression of YFP-NLP alone
mostly rescues motility defects seen in the double knockout even
though polarity of cells did not appear to be recovered completely.
3.6. Interaction of NLP/SLP with MT might be required for vesicle
formation and transport
The distribution of YFP-B-GBD vesicles is polarized such that the
vesicles are concentrated at the leading edge and uropod of the cell,suggesting that active transport of vesicles via microtubules (MTs)
might be involved in this process. To elucidate the role of MTs in the
polarized distribution ofWASP-vesicles, we examined the distribution
of YFP-B-GBD vesicles in cells treated with nocodazole (Fig. 7A). In
morphologically polarized, highly motile wild type cells, MTs are
aligned in parallel toward the leading edge and uropod. The
distribution of YFP-B-GBD vesicles is also polarized. Many vesicles in
the cell body are localized in a close proximity of microtubules.
Interestingly, vesicles aremore concentrated in the areawhereMTs do
not extend substantially into the F-actin-enriched leading edge.
Nocodazole treatment depolymerized most MTs as conﬁrmed by
immunostaining of α-tubulin. Both the morphological and vesicle
distribution polarities are signiﬁcantly reduced in nocodazole-treated
cells, suggesting that MTs play an important role for polarized
distribution of YFP-B-GBD vesicles. We attempted to trackmovements
of these vesicles in cells by video microscopy. Tracking of vesicle
movements showed that it moved in a stochastic manner and
frequently reversed its direction (Fig. 7B). In wild type cells (mean
vesicle velocity 0.125 μm/s), video microscopy analysis of vesicle
movement showed highly variable travel distances and brief periods
of rapid directed movement leading to high speed (N0.25 μm/s). This
is not likely to be due to the cell body displacement (mean velocity
0.16 μm/s). However, vesicles showing high mobility are absent in
cells treated with nocodazole (mean velocity 0.076 μm/s). Thus, the
biased distribution of WASP-vesicles and high velocity movement of
these vesicles were signiﬁcantly reduced by treatment of cells with
nocodazole, suggesting that trafﬁcking of these vesicles requires MTs.
Fig. 6. Abnormal chemotactic movement of nlp/slp− cells. (A) DIC images of cells migrating toward a cAMP gradient at 0 or 10 min. Wild type cells are usually well polarized, move
quickly and linearly toward the cAMP source. nlp/slp− cells appear to have difﬁculties developing a pseudopod in the direction of the chemoattractant gradient. The expression of
YFP-NLP alone mostly rescues motility defects. (B) The speed and chemotaxis index of nlp/slp− cells is signiﬁcantly decreased compared to KAx3 cells, but recovered by the
expression of NLP. Chemotaxis of at least 7 cells from two independent experiments was measured.
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Amphiphysin-Rvs (F-BAR) domain [10] and the F-BAR domain has
been reported to be responsible for the interaction of CIP4 and
Rapostlin/FBP17/FNBP1 with MTs [36][37,38]. This suggests an
intriguing possibility that NLP1-MT interaction might help formation
of WASP-vesicle and that the binding of NLP/SLP positive vesicles to
MTs facilitates the trafﬁcking of vesicles. To examine the interaction of
NLP or SLP with MTs, we performed in an in vitro MT-binding assay.
Both GST-NLP and SLP bind to MT while GST control did not show any
binding to MT (Fig. 7C). SLP appears to have a stronger afﬁnity for MT
and the deletion of FCH domain of NLP caused moderately reduced
binding to MT, indicating that the FCH domain might not be essential
for MT binding. To test the possibility that NLP/SLP might mediate the
interaction of YFP-B-GBD vesicles with MTs, we then examined if YFP-
B-GBD can be cosedimented with MTs in a sucrose gradient (Fig. 7D).
Lysate of wild type cells expressing YFP-B-GBD was layered on top of
15–40% sucrose gradient and centrifuged. YFP-B-GBD comigrates with
MTs in fractions near the bottom of sucrose gradient, presumably via
the interaction of YFP-B-GBD vesicles and MTs. This interaction
appears to be dependent upon the presence of NLPs as the
comigration between YFP-B-GBD and MT is completely eliminated
due to the absence of NLP/SLP in nlp/slp− cells.
4. Discussion
Directional cell movement requires a deﬁned cell polarity inwhich
components of the cytoskeleton are differentially localized at the
leading, front edge of a migrating cell [39]. Our previous study
demonstrated that GFP-WASP is localized on vesicles that are
preferentially distributed at the leading edge and uropod, suggesting
that localization ofWASPmight control the polarized F-actin assembly
during chemotaxis [18]. In this study, we demonstrated that theinteraction between the polyproline repeats of WASP and the SH3
domain of NLP or SLP is required for the formation and trafﬁcking of
these vesicles to the cortical membrane as cells lacking WASP or NLP/
SLP showed defects in vesicle formation and in organizing polarized
F-actin at the membrane cortex.
NLP and SLP appear to be functionally redundant based on the lack of
null phenotypes in single null mutant. YFP-NLP or YFP-SLP expressed in
nlp/slp− null cells also showed similar change of the subcellular
localization between vegetative growth and the onset of multicelluar
development. In vegetative Dictyostelium cells lacking polarity, the
localization of YFP-NLP and SLP is perinuclearwhile NLPand SLP localize
to vesicles that showed biased distribution at the leading edge and
uropod inpolarized and chemotaxing cells. It is likely that formation and
trafﬁcking of these vesicles are induced by the differentiation of cells.
However, we observed subtle functional differences between NLP and
SLP. YFP-SLP showed tubular networks at the periphery of cells in
addition to the perinuclear localization. In addition, F-actin organization
defect of nlp/slp− null cells was fully rescued by the expression of NLP,
but not SLP as these cells showed rather uniform F-actin polymerization
along the corticalmembrane andmoreﬁlopodia. It is likely that two SH3
domains of NLP might be required for full rescue of nlp/slp− null
phenotype and more speciﬁc localization.
Studies have shown that actin is clearly involved in endocytic
vesicle formation. The initial internalization of clathrin-coated
vesicles is at least regulated by a family of proteins that interact
with or modify the actin cytoskeleton [40,41]. FBP17 and/or CIP4,
both members of the PCH protein family, have been shown to
contribute to the formation of the protein complex, including N-
WASP and dynamin-2, in the early stage of endocytosis, indicating
that PCH protein family members couple membrane deformation to
actin cytoskeleton reorganization in various cellular processes [12].
Recently, it has been shown that membrane endocytosis remains
Fig. 7. (A) Distribution of vesicles decorated with YFP-B-GBD in chemotaxing or nocodazole-treated cells. Cells expressing YFP-B-GBD in aggregation stage were ﬁxed and stained
with rabbit anti-tubulin antibody. The YFP-B-GBD and microtubule images were superimposed for assessment of localization of YFP-B-GBD vesicles in a close proximity to
microtubules. (B) Tracking of YFP-B-GBD vesicle movements in KAx3 or nocodazole-treated cells by live cell imaging. Speed of vesicle movement in wild type or cells treated with
nocodazole was measured and plotted. Wild type cells showed brief periods of rapid directed movement leading to high speed (N0.25 μm/s) that is absent in nocodazole-treated
cells. (C) Binding of NLP/SLP and a NLP mutant to microtubule. GST-NLP or SLP were incubated with paclitaxel stabilized-microtubules. Supernatants (s) and pellets (p) were
collected after ultracentrifugation over a 15% sucrose cushion and analyzed by SDS-PAGE for presence of GST-NLP or SLP by SDS-PAGE. (D) Cosedimentation of YFP-B-GBD with
microtubules on a sucrose gradient. Lysates of wild type or nlp/slp− cells expressing YFP-B-GBD were applied onto 15–40% sucrose gradient and fractions were collected. YFP-B-GBD
in fractions was detected by Western blot with anti-GFP antibody.
1207S. Lee et al. / Biochimica et Biophysica Acta 1793 (2009) 1199–1209active in aggregation-competent Dictyostelium cells, and cells
rapidly endocytose their plasma membrane in small vesicles, and
return it to the surface within a few minutes [42]. Thus, one might
imagine that nlp/slp− null cells would show defects in endocytosis.
It was rather surprising that NLP and SLP appear not to play
essential roles in endocytic processes as nlp/slp− cells showed no
signiﬁcant defects in endocytosis. The requirement for actin in
vesicular trafﬁcking from Golgi has been demonstrated in the study
showing the inhibition of post-Golgi trafﬁc of non-raft associated
cargos with the actin-stabilizing jasplakinolide or the actin-
depolymerizing latrunculin B [43]. It has been also reported that
some vesicles of Golgi origin are propelled into the cytoplasm by
actin polymerization [44–46] and actin regulation by Arp2/3 and
Hip1R has been suggested to be necessary for the efﬁcient release
of clathrin-coated vesicles from the TGN [47]. Syndapin I, a
member of PCH family proteins, has been reported to play an
important role for vesicle formation from the Golgi and interaction
of the syndapin SH3 domain with the proline-rich domain of
dynamin II was reported to be critically important for vesicle
formation [14]. Our ﬁndings are consistent with the role of PCH
family proteins in the formation of vesicles from the Golgi. Comitin,
a marker of Golgi-derived vesicles, colocalized with NLP and WASP
on vesicles, suggesting that WASP-associated-vesicles are likely to
be exocytic vesicles derived from the Golgi. WASP and NLP/SLP are
apparently involved in the formation of these vesicles as we
demonstrated defects of WASPTK and nlp/slp− cells in vesicle
budding from Golgi in vivo and in vitro. Colocalization of YFP-B-GBD with GFP-HDEL and Golvesin-c-GFP in nlp/slp− cells suggests
that WASP might be trapped in the ER-Golgi where vesicle formation
cannot be completed due to the lack of NLP/SLP, causing lack of WASP
trafﬁcking to the cortex. Lack of barbed ends formation at the cortex
upon cAMP stimulation in nlp/slp− cells is consistent with reduced
WASP-vesicle formation and trafﬁcking to the membrane cortex. Our
previous study demonstrated that GFP-WASP- or YFP-B-GBD-asso-
ciated vesicles can be labeled with CFP-tagged PH domain of PLCδ1,
indicating that these vesicles are enriched with PI(4,5)P2 [18]. It is
possible that PI(4,5)P2 might recruit WASP and NLP/SLP to ER/Golgi
membrane since WASP and PCH family proteins have been shown to
interact with PI(4,5)P2. Previous studies reported that the basic
domain of WASP or N-WASP interacts with PI(4,5)P2 [48,49] and that
the induction of actin polymerization resulted from the recruitment of
N-WASP to PI(4,5)P2 vesicles. The extended FC (EFC) domain (FCHplus
CC) of CIP4, and other PCH protein family members bind strongly to
phosphatidylserine and PI(4,5)P2 [12]. In this study, we demonstrated
that the FCH domain of NLP is required for vesicle budding, consistent
with the idea that the recruitment and formation of the protein
complex, including CIP4 and WASP, on PI(4,5)P2-enriched Golgi
membranemight couplemembrane deformation to actin cytoskeleton
reorganization in vesicle formation. The crystal structures of the EFC
domains of human FBP17 and CIP4 revealed a gently curved helical-
bundle dimer which forms ﬁlaments through end-to-end interactions
in the crystals, and the curved EFC ﬁlament is proposed to drive
membrane tubulation [50]. One might imagine that PI(4,5)P2 has a
regulatory role in the formation of this ﬁlament.
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polarized distribution of WASP-vesicles at the leading edge in cells
treated with nocodazole. These results suggest the role of WASP and
PCH family proteins not only in the formation of vesicles but possibly in
polarized trafﬁcking of WASP-vesicles to the cortical membrane of the
leading and trailing edge, resulting in the polarized F-actin organiza-
tion during chemotaxis. WASP-vesicles might be associated with MTs
temporarily, and MTs facilitate the delivery of these vesicles to the
leading edge and the rear by active transport, thereby increasing the
probability for a vesicle to encounter a targetmembrane. There is also a
growing evidence for the interplay between the PCH family proteins
and microtubules for polarized transport. The polarized secretion of
lytic granules by natural killer cells or cytotoxic T lymphocytes is
achieved by the polarization of the microtubule organizing centre
(MTOC) toward the target and the movement of granules along
microtubules in a minus-end direction toward the polarized MTOC
[51]. CIP4 has been known to be required for MTOC polarization and
cytotoxic activity [52]. Assembly of podosomes in macrophages is
dependent on an intact microtubule system and WASP and CIP4 are
required for the podosome formation [53]. Some PCH family members
contain small GTPase-binding (HR1) domains which interact with the
Rho GTPases Cdc42, TC10 and Rnd2 [13]. In our previous study, we
identiﬁed RacC as a major regulator of Dictyostelium WASP and a
functional orthologue of mammalian Cdc42 [54]. It was demonstrated
that RacC also localizes on vesicles, suggesting that WASP and RacC
might be localized on the same vesicle. Even though it is yet to be
determined if NLP or SLP directly interacts with a Rho family GTPase, it
is likely that RacC might be involved in the regulation of both NLP/SLP
and WASP activity to control vesicle formation and trafﬁcking.
In this study, we demonstrated that roles of NLP/SLP in the
formation and microtubule-dependent trafﬁc of WASP-associated
vesicles, playing an important role in the spatial regulation of F-actin
organization during chemotaxis.
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